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Description 

The present invention relates to an autostereoscop- 
ic display. 

In normal vision, the two human eyes perceive 
views of the world from different perspectives due to the 
separation of the eyes (interocular separation). These 
two perspectives are then used by the brain to assess 
the distance to various objects in a scene. In order to 
provide a display which effectively displays a three di- 
mensional (3D) image, it is necessary to recreate this 
situation and supply a so-called 'stereoscopic pair' of im- 
ages, one to each eye of the observer. 

3D displays are classified into two types, namely 
stereoscopic and autostereoscopic, depending on the 
method used to supply the different views to the eyes. 
Stereoscopic displays typically display both of the imag- 
es over a wide viewing area. In one known type of ar- 
rangement, two head mounted separate channels, as in 
head mounted displays, are worn by an observer such 
that each channel presents a respective one of the ster- 
eoscopic pair of images to the associated eye. Other 
types of stereoscopic displays typically display both of 
the images over a wide viewing area. Figure 1 of the 
accompanying drawings illustrates such a display at 1 
and illustrates the wide output light cone 2 produced by 
the display. Each of the views is encoded, for instance 
by colour (in anaglyph systems), polarisation state, or 
temporally (in shutter glasses systems). Viewing aids 
such as filters 3 and 4 are worn in front of the right and 
left eyes R and L of the observer so as to separate the 
views and let each eye see only the view intended for 
it. Thus, as shown in Figure 1, the left and right views 
are encoded by encodings A and B. 

The filter 3, which may be a colour filter, a polarising 
filter or a shutter, blocks light with the encoding A but 
passes light with the encoding B so that the right eye R 
sees the right view. Similarly, the filter 4 blocks light with 
the encoding B but passes light with the encoding A so 
that the left eye sees only the left view. 

Autostereoscopic displays require no viewing aids 
to be worn by the observer. Instead, the two views are 
only visible from limited regions of space as illustrated 
in Figure 2 of the accompanying drawings. The auto- 
stereoscopic display 1 creates 'viewing regions' such as 
6 and 7. The viewing regions are regions of space in 
which a single two dimensional (2D) image is visible 
across the whole of the active area of the display 1 by 
one eye. When an observer is situated such that the 
right eye R is in the right viewing region 7 and the left 
eye L is in the left viewing region 6, a stereoscopic pair 
of images is seen and a 3D image can be perceived. 

For flat panel autostereoscopic displays, the view- 
ing regions are typically formed by cooperation between 
the picture element (pixel) structure of the display and 
an optical element which is referred to as a parallax op- 
tic. Examples of parallax optics are parallax barriers, 
lenticular screens and holograms. A parallax barrier is 



a screen with vertical transmissive slits separated by 
opaque regions. Figure 3 illustrates an autostereoscop- 
ic display of the front parallax barrier type. A parallax 
barrier 8 is disposed in front of a spatial light modulator 
s 9 comprising glass substrates 10 and columns of pixels 
11 with gaps 12 between adjacent columns. The SLM 9 
may be a light-emitting device, such as a pixelated elec- 
troluminescent display. However, as shown in Figure 3, 
the SLM 9 is of the light valve type, such as a liquid crys- 
10 tal device (LCD), provided with a backlight 1 3. 

The pitch of the slits such as 14 is chosen to be 
close to an integer multiple of the pitch of the columns 
of pixels 11 so that groups of columns of pixels are as- 
sociated with each slit of the barrier 8. As shown in Fig- 
's ure 3, each slit such as 14 is associated with three col- 
umns such as columns 1 , 2 and 3. 

The function of the parallax optic 8 is to restrict the 
directions in which light is transmitted through each of 
the pixels to a predetermined range of output angles. To 
20 a first order, the angular range of view of each pixel is 
determined by the pixel width and the separation be- 
tween the plane of the pixels and the plane of the par- 
allax optic 8. 

Figure 4 of the accompanying drawings illustrates 
25 the angular zones of light created by the SLM 9 and the 
parallax barrier 8 where the parallax barrier has a pitch 
which is an exact integer multiple of the pitch of the col- 
umns of pixels 11. The angular zones Z1 and Z2 coming 
from different locations across the display surface inter- 
30 mix. Thus, there is no region in front of the display where 
an eye of the observer will see a single image across 
the whole of the display surface. 

In order to overcome this problem, the pitch of the 
parallax optic 8 is reduced slightly so that the angular 
35 zones Z1 and Z2 converge at a predetermined plane 
referred to as a 'window' plane 1 5 in front of the display 
as illustrated in Figure 5. The change in pitch of the par- 
allax optic 8 is referred to as 'viewpoint correction' and 
gives rise to the viewing regions 6 and 7 where the 
40 zones Z2 and Z1 , respectively, all overlap. The viewing 
regions 6 and 7 are generally 'kite' shaped in the lateral 
plane and extend vertically. 

The window plane 15 defines the optimum viewing 
distance of the display An observer whose eyes are lo- 
45 cated in the window plane 15 receives the best perform- 
ance from the display. As each eye of the observer 
moves laterally in the window plane 15, the perceived 
image remains unchanged until the eye reaches the 
edge of the viewing region 6 or 7. The image perceived 
50 across the whole display will then change as the eye 
moves into the adjacent viewing region, for instance to 
the next image. The part of the window plane 15 within 
each viewing region 6, 7 is generally referred to as a 
'viewing window' 
55 In a typical SLM such as a thin film transistor liquid 
crystal display (TFT LCD), the columns of pixels 11 are 
spaced apart by the gaps 12 to allow for the routing of 
electrical connections. The gaps 12 form vertical strips 
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and are covered by an opaque material to stop light leak- 
ing through the gaps. In a TFT LCD ; the opaque layer 
is called a 'black mask' or 'black matrix'. However, as 
illustrated in Figure 6 of the accompanying drawings, the 
vertical strips between the columns of pixels 11 are also 
imaged to the window plane and cause dark regions 1 6 
to be formed between the viewing regions 6, 7. If the 
dark regions 16 are to be avoided so that the viewing 
regions 6, 7 meet each other, apertures in the black 
mask defining the pixels 1 1 must be such that adjacent 
pairs of pixel columns associated with each parallax el- 
ement of the parallax optic 8 are horizontally contiguous 
i.e. there is no continuous vertical black mask strip be- 
tween such adjacent pairs of pixel columns. 

The illumination profile (variation of light intensity 
with viewing position) within each viewing region 6, 7 is 
determined by the shape of the apertures defining the 
pixels 1 1 . The parallax optic 8 is a cylindrical optical el- 
ement so that the vertical aperture of each pixel column 
is integrated to give vertically extended lumination within 
each viewing region 6, 7. Thus, if the vertical aperture 
of the pixel varies across its width as illustrated at 17 in 
Figure 7, illumination of the viewing window varies 
across its width. This is illustrated in Figure 7 for the 
viewing region 7, which is divided into a bright zone 1 8, 
a dull zone 19, and mixed zones 20. An observer whose 
eye moves between the bright zone 1 8 and the dull zone 
19 will perceive an intensity change of the order of 5% 
or more as a visual flicker effect. This effect detracts 
from the perceived quality of the display and is uncom- 
fortable. It is therefore desirable to maintain a constant 
vertical aperture ratio in such displays, for instance by 
means of rectangular pixel apertures. 

If an eye of the observer is not located at the window 
plane 15, then the breakdown in viewpoint correction 
means that the eye will see different information in dif- 
ferent places across the display surface. For instance, 
if an observer eye is in the mixed zone 20 closer to the 
display, the observer eye will see the left hand side of 
the display as being substantially brighter than the right 
hand side thereof. If the observer is sufficiently far away 
from the window plane to be outside the viewing regions 
6, 7, each eye sees slices of different images across the 
display surface so that the 3D effect is lost. This condi- 
tion begins to occur at the tips of the viewing regions 6, 
7 nearest and furthest from the display. Dark bands 
caused by vertical strips between the pixels also be- 
come visible as darker bands on the display. 

Although each parallax element is principally asso- 
ciated with a respective group of pixel columns as illus- 
trated by columns 1, 2 and 3 in Figure 3, adjacent groups 
of pixel columns are also imaged by the element. Imag- 
ing of the groups creates lobes of repeated viewing re- 
gions to either side of the central or zero order lobe as 
illustrated in Figure 8 for a two view display showing 
views V1 and V2. Each of the lobes repeats all the prop- 
erties of the central lobe but is affected to a larger extent 
by imperfections and abberations of the optical system 



so that higher order lobes may be unusable. 

In order to provide a full colour display, each pixel 
11 is generally optically aligned with a filter associated 
with one of the three primary colours (red, green, blue). 

s By suitably controlling groups of three pixels associated 
with the three primary colour filters, substantially all vis- 
ible colours may be produced or approximated. In an 
autostereoscopic display each of the stereoscopic im- 
age channels must contain enough of the colour filters 

10 for a balanced colour output. Many SLMs have colour 
filters arranged in vertical columns for ease of manufac- 
ture so that all the pixels in each column have the same 
colour filter associated therewith. If a parallax optic were 
disposed on such an SLM with three pixel columns as- 

is sociated with each parallax element, light imaged into 
each viewing region would be of only one colour. The 
colour filter layout must therefore be such as to avoid 
this situation, for instance as disclosed in EP 0752610. 
The autostereoscopic displays illustrated in Figures 

20 3 to 7 have parallax barriers as the parallax optics 8 dis- 
posed at the front of the display i.e. between the SLM 9 
and the viewing regions 6, 7. However, other arrange- 
ments of parallax optical work in substantially the same 
manner. 

2S For instance, as shown in Figure 9 of the accompa- 
nying drawings, the front parallax barrier may be re- 
placed by a front lenticular screen which comprises an 
array of cylindrically converging lenslets or lenticules. 
The lenticular screen focuses light from the SLM 9 to 

30 the window plane and produces viewing regions having 
well-defined boundary regions on axis. Because the 
lenticules work by re-directing light rather than by re- 
stricting light throughput as in the case of a parallax bar- 
rier, the illumination at the window plane is greater for a 

3S lenticular screen. However, parallax barriers are not 
subject to the optical abberations produced by lenticular 
screens. 

Figure 1 0 of the accompanying drawings Illustrates 
an autostereoscopic display which differs from that 

40 shown in Figure 3 in that the parallax barrier 8 is dis- 
posed between the backlight 1 3 and the SLM 9 to form 
a rear parallax barrier display. This arrangement has the 
advantage that the parallax barrier 8 is kept behind the 
SLM 9 and therefore way from possible damage. Also, 

45 the light efficiency may be improved by making the rear 
surface of the parallax barrier 8 reflective so as to permit 
recycling of the light not incident on the slits (rather than 
absorbing such light). A switchable diffuser 21 is dis- 
posed between the SLM 9 and the parallax barrier 8 and 

50 may, for example, comprise a polymer-dispersed liquid 
crystal. When switched to a low dispersion state, the dis- 
play operates as described hereinbefore as an autoster- 
eoscopic 3D display. When the diffuser 21 is switched 
to a highly dispersive state, the light rays are deflected 

55 on passing through the diffuser to form an even or 'Lam- 
bertian' distribution which prevents the creating of the 
viewing zones. The display therefore functions as a 2D 
display and permits the full spatial resolution of the SLM 
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9 to be used in displaying a 2D image. 

Figure 11 shows a known type of spatial light mod- 
ulator (SLM) 9 in the form of a liquid crystal display 
(LCD) comprising a plurality of picture elements (pixels) 
arranged as rows and columns in a regular pattern or 
array. The LCD 9 provides a colour display and compris- 
es red pixels 32, blue pixels 33 : and green pixels 34. 
The LCD 9 is of the thin film transistor twisted nematic 
type and the pixels are separated from each other by a 
black mask 35. Thus, each column of pixels is separated 
from each adjacent column by a continuous vertical 
opaque strip of the black mask 35, which prevents light 
from passing through the thin film transistors of the LCD 
1. 

In order to provide a 3D display, a lenticular screen 
8 is disposed in front of the pixels of the LCD 9. The 
lenticular screen 8 comprises a plurality of vertically ex- 
tending lenticules, each of which is optically cylindrically 
converging. The lenticules extend vertically and may be 
formed, for instance, as plano-convex cylindrical lenses 
or as graded refractive index (GRIN) cylindrical lenses. 
Each lenticule is disposed above a plurality of columns 
of pixels (four columns as shown in Figure 11) and each 
column of pixels provides a vertical slice of a 2D view. 
The shape of each pixel is rectangular with a small rec- 
tangular extension projecting from the right side of each 
pixel. 

As illustrated in Figure 12, when the 3D display is 
suitably illuminated from behind and image data are 
supplied to the pixels of the LCD 9 such that each col- 
umn of pixels displays a thin vertical slice of a 2D image, 
each lenticule of the screen 8 forms viewing /ones 37 
to 40 from the respective four columns of pixels associ- 
ated with the lenticule. The directions in which the view- 
ing zones 37 to 40 extend correspond to the directions 
from which the respective 2D views were recorded dur- 
ing image capture. When viewed by an observer whose 
eyes are in adjacent ones of the viewing zones 37 to 40, 
a 3D image is perceived. 

However, the vertical portions of the black mask 35 
between the columns of pixels are also imaged in the 
directions indicated at 41 to 45. Further, the viewing 
zones 37 to 40 contain regions such as 46 to 48 of re- 
duced brightness corresponding to imaging of the rec- 
tangular protrusions extending from the main pixel re- 
gions. Thus, the output of the display does not have con- 
tinuous parallax with uniform brightness. 

Figure 1 3 shows a 3D display of the type disclosed 
in EP 0 625 861 and comprising an LCD 9 and a len- 
ticular screen 8. The LCD 9 differs from that shown in 
Figure 11 in that the pixels are arranged in a different 
pattern of horizontal rows and vertical columns. In par- 
ticular, each pixel may be a composite pixel comprising 
a red pixel 32, a blue pixel 33 and a green pixel 34. The 
pixels are arranged such that they are contiguous in the 
horizontal direction. In other words, there are no contin- 
uous vertical black mask portions separating the pixels. 
To achieve this, each composite pixel 50 in a first row is 



spaced vertically from a horizontally adjacent composite 
pixel 51 in a second row but the right hand edge of the 
composite pixel 50 lies on the same vertical line as the 
left hand edge of the composite pixel 51. Thus, com- 
s pared with Figure 11, the number of columns of pixels 
imaged by each lenticule of the screen 8 has been dou- 
bled to eight whereas the vertical resolution of the LCD 
9 has effectively been halved. 

As shown in Figure 14, each lenticule of the screen 
10 8 generates eight viewing zones 52 to 59 which are an- 
gularly contiguous with each other and which represent 
eight different 2D views with continuous horizontal par- 
allax. Thus, "black" regions such as 41 and "grey" re- 
gions such as 46 in Figure 2 are eliminated and an ob- 
is server can perceive a 3D image of substantially con- 
stant intensity and without image gaps. Further, the 
number of 2D views for the or each 3D image frame is 
doubled by halving the vertical resolution. 

The LCD 9 shown in Figure 13 thus overcomes the 
20 disadvantages of the LCD 9 shown in Figure 11 in that 
contiguous viewing zones can be produced. However, 
the pixels must be accurately contiguous in the horizon- 
tal direction in order to avoid undesirable visual artifacts 
appearing to the observer. In particular, any underlap or 
2S overlap of the pixels in the horizontal direction will give 
rise to intensity variations as an observer eye moves 
from each viewing zone to an adjacent viewing zone. 
Thus, LCDs of this type have to be manufactured to very 
tight tolerances in order to avoid such effects and this 
30 increases the complexity and cost of manufacture. 

Further as will be described hereinafter, the cross- 
talk between left and right views may give rise to unde- 
sirable visual artifacts with the LCD of Figure 13. In par- 
ticular, the amount of crosstalk seen by each eye may 
3E be different and may vary in a stepwise manner as the 
observer moves. 

EP 0 617 549 discloses an stereoscopic head- 
mounted display which has a separate display device 
and optical system for each eye of an observer. Each 
40 display device comprises a backlight and an LCD and 
each pedocal system forms a virtual image of a left or 
right eye view of a stereoscopic pair. For viewing com- 
fort, the virtual images are formed in the same region in 
front of the observer. 
45 EP 0 262 955 discloses an autostereoscopic dis- 
play of the type providing two views which are repeated 
in a plurality of lobes. 

According to a first aspect of the invention, there is 
provided a viewpoint corrected autostereoscopic dis- 
50 play comprising at least one display device and an op- 
tical system, characterised in that the optical system co- 
operates with the display device to form, in a window 
plane, a plurality of viewing windows with adjacent pairs 
of viewing windows overlapping laterally. 
55 Manufacturing tolerances can therefore be relaxed 
because small errors in the positions of the viewing win- 
dows no longer give rise to undesirable visual artifacts. 
The or each display device and the optical system 
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may cooperate to form at least three windows. Such an 
arrangement permits observer tracking without moving 
parts to be provided and a display providing three win- 
dows is the simplest form of such an observer tracking 
display. 

Preferably the or each display device and the opti- 
cal system cooperate to repeat the windows in a plurality 
of lobes. This arrangement permits greater observer 
viewing freedom. It is preferable that the lobes overlap. 

The at least one display device may comprises a 
spatial light modulator comprising a plurality of picture 
elements arranged as rows extending in a first direction 
and columns extending in a second direction substan- 
tially perpendicular to the first direction, the picture ele- 
ments being arranged in groups of N, where N is an in- 
teger greater than 1, adjacent the picture elements of 
each group overlapping with each other in the first di- 
rection. Such pixelated spatial light modulators are 
available and provide an elegant way of embodying the 
display. For convenience, the picture elements of each 
group may be disposed in two adjacent rows. 

The picture elements may have a substantially con- 
stant vertical aperture and may, for example, be of rec- 
tangular or parallelogram shape. Such an arrangement 
avoids variations in illumination intensity across the 
viewing windows. 

Adjacent groups of picture elements may overlap 
with each other in the first direction. 

The width of each picture element may be substan- 
tially equal to one and half times the lateral pitch of the 
picture elements to provide an optimum layout. 

The spatial light modulator may be embodied as a 
light-emissive device, such as an electroluminescent 
display, or as a light-transmissive device, such as a liq- 
uid crystal device, for instance associated with a source 
of illumination such as a backlight. 

The optical system may comprise a parallax device 
having a plurality of parallax generating elements which 
extend in the second direction and each of which is 
aligned with N columns of picture elements. Examples 
of parallax devices are parallax barriers, lenticular 
screens, and holograms. 

The at least one display device may comprise a 
spatial light modulator comprising a plurality of picture 
elements arranged as rows extending in a first direction 
and columns extending in a second direction substan- 
tially perpendicular to the first direction, the picture ele- 
ments being arranged in groups of N, where N is an in- 
teger greater than 1, the optical system comprising: a 
first parallax device having a plurality of parallax gener- 
ating elements which extend in the second direction and 
each of which is aligned with N columns of picture ele- 
ments; and a second parallax device having a plurality 
of parallax generating elements which extend in the sec- 
ond direction and each of which is aligned with a respec- 
tive column of picture elements. 

The display may comprise an observer tracker for 
determining the position of an observer, and an image 



controller responsive to the observer tracker for dividing 
the image displayed by the or each display device such 
that a window which contains a left eye of the observer 
receives left eye view data, a window which contains a 

s right eye of the observer receives right eye view data, 
and, when an eye of the observer is in a region where 
adjacent windows overlap, one of the adjacent windows 
receives black view data. 

In another embodiment, the display comprises an 

10 observer tracker for determining the position of an ob- 
server, and an image controller responsive to the ob- 
server tracker for dividing the image supplied to the win- 
dows in regions across a display surface such that: a 
left eye of the observer perceives only left eye image 

is information; a right eye of the observer perceives only 
right eye image information; and, in areas where an ob- 
server eye receives light in two of the windows, one of 
the two windows is switched to black. 

In order to provide an optimum lateral pitch of the 

20 windows, the at least one display device and the optical 
system may cooperate to form the windows with a lateral 
pitch substantially equal to 2e/N, where e is an average 
interocular separation and N is the number of windows 
per lobe. 

2S It is thus possible to provide a display which tracks 
an observer laterally or laterally and longitudinally with- 
out requiring any moving parts. The display may make 
use of lenticular screens or front or rear parallax barri- 
ers. Three viewing windows per lobe may be used so 

so as to minimise loss of resolution in 3D mode of the dis- 
play. Alternatively, more than three windows may be 
used to improve certain aspects of display performance. 
Several observers can be independently tracked if de- 
sired, for instance by providing at least three windows 

3S per observer. In the case of pixelated devices, pixel 
boundaries no longer give rise to undesirable visual ar- 
tifacts so that manufacturing tolerances can be relaxed. 
Further, the cross-talk performance of the display is im- 
proved compared with known displays. For instance, the 

40 amount of cross-talk seen by each eye is substantially 
the same and does not vary in a stepwise manner as 
the observer moves. 

Where a liquid crystal device is used, the device 
may be manufactured using existing techniques and re- 

45 quiring only relatively little modification. For instance, it 
is possible to provide a suitable device merely by mod- 
ifying the black mask of known types of LCDs 

The invention will be further described, by way of 
example, with reference to the accompanying drawings, 

so in which: 

Figure 1 is a schematic plan view of a known type 
of stereoscopic display; 

55 Figure 2 is a schematic plan view of a known type 
of autostereoscopic display; 

Figure 3 is a schematic lateral sectional view of a 
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Figures 22 and 23 illustrate cross talk performance 
of the display of Figure 20; 



9 

known autostereoscopic display; 

Figure 4 is a schematic plan view illustrating a non- 
viewpoint corrected autostereoscopic display; 

5 

Figure 5 is a schematic plan view illustrating a 
known view point corrected autostereoscopic dis- 
play; 

Figure 6 is a view similar to Figure 5 illustrating the 10 
effects of gaps between pixel columns in a display 
of the type shown in Figure 5; 

Figure 7 is a view similar to Figure 5 illustrating the 
effect of pixels of non-constant vertical aperture in is 
a display of the type shown in Figure 5; 

Figure 8 is a schematic plan view illustrating the for- 
mation of lobes in a known type of autostereoscopic 
display; 20 

Figure 9 is a schematic plan view illustrating anoth- 
er known type of autostereoscopic display; 

Figure 10 is a schematic lateral section view i II us- 2& 
trating a further known type of autostereoscopic dis- 
play; 

Figure 1 1 illustrates a known type of directional dis- 
play; 30 

Figure 12 illustrates the output of the display of Fig- 
ure 11; 

Figure 13 illustrates another known type of direc- 35 
tional display; 

Figure 14 illustrates the light output of the display 
of Figure 13; 

40 

Figure 15 illustrates a directional display constitut- 
ing an embodiment of the invention; 

Figure 16 illustrates the light output of the display 
of Figure 15; 45 

Figures 17 and 18 illustrate intensity variations pro- 
duced by the display of Figure 1 3; 

Figure 19 illustrates a known type of autostereo- so 
scopic display for performing observer tracking; 

Figure 20 illustrates an autostereoscopic display 
constituting an embodiment of the invention for per- 
forming lateral observer tracking; 55 

Figure 21 illustrates cross talk effects produced in 
a display of the type shown in Figure 1 9; 



Figures 24 and 25 illustrate the effects on intensity 
fluctuations and cross talk of varying the overlap of 
adjacent pixels of the display of Figure 20; 

Figure 26 illustrates a control system for controlling 
the display shown in Figure 20; 

Figure 27 illustrates an autostereoscopic display 
and the effects of movement of an observer from a 
designed viewing distance; 

Figure 28 illustrates the display shown in Figure 27 
operated so as to perform longitudinal observer 
tracking; 

Figure 29 illustrates control a system for the display 
of Figure 28; 

Figure 30 illustrates a display of the type shown in 
Figure 1 5 for multiple observer tracking; 

Figure 31 illustrates another autostereoscopic dis- 
play with overlapping windows; 

Figure 32 is a schematic sectional view of part of 
the display using a front parallax barrier; 

Figure 33 is a schematic sectional view of part of a 
display using a rear parallax barrier; 

Figures 34 and 35 illustrate diagrammatically the 
use of holograms to form viewing windows; 

Figure 36 is a schematic sectional view of part of a 
display using an internal hologram; 

Figure 37 is a schematic sectional view of part of a 
display using an external hologram; 

Figures 38 and 39 are schematic sectional views of 
compact backlights for illuminating holograms; 

Figure 40 illustrates a known type of delta pattern 
liquid crystal display; 

Figure 41 is a schematic illustration of a time multi- 
plexed display constituting an embodiment of the 
present invention; 

Figure 42 is a schematic illustration of a three view 
beam combiner display constituting an embodiment 
of the present invention: 

Figure 43 is a schematic diagram illustrating a four 
view display constituting an embodiment of the 
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present invention; 

Figure 44 is a schematic illustration of a projection 
display constituting an embodiment of the present 
invention; 

Figures 45 and 46 illustrate arrangements of pro- 
jection apertures of the display of Figure 44; 

Figure 47 illustrates a pixel structure using parallel- 
ogram shaped pixels; 

Figure 48 illustrates the appearance of an LCD SLM 
in the black state showing the occurrence of light 
leakage; 

Figure 49 is a cross-sectional view of an SLM ar- 
ranged to reduce light leakage; 

Figure 50 illustrates a black mask arrangement for 
reducing light leakage; and 

Figure 51 is a cross-sectional diagram of an SLM 
incorporating the black maskarrangement of Figure 
50. 

Like reference numerals refer to like parts through- 
out the drawings. 

Figure 15 illustrates part of an LCD 9 which differs 
from the LCD shown in Figure 13 in that the pixels 50 
overlap in the horizontal direction. The pixels 50 are of 
rectangular shape with adjacent sides aligned in the row 
and column directions. The width w of each pixel is 
greater than the pitch p of the pixels in the horizontal or 
row direction so as to provide an overlap indicated at m 
between each adjacent pair of pixels. 

A parallax device 8, which is illustrated as a lenticu- 
lar screen but which may be any other suitable device 
such as a parallax barrier, has a pitch P which is sub- 
stantially equal to an integer multiple of the pitch p of 
the pixels. However, as described hereinbefore, for 
viewpoint corrected displays, the pitch P of the lenticular 
screen 8 is made slightly smaller than an integer multiple 
of the pitch p of the pixels 50. 

3D displays illustrated in Figures 13 and 15 provid- 
ed with rear illumination may be used in a reversionary 
2D mode. The brightness of such displays in the 2D 
mode using the LCD of Figure 15 will be greater than 
that of displays using the LCD of Figure 1 3. However, 
the brightness of autostereoscopic modes will be the 
same if the pixels have the same vertical extent and the 
same vertical black mask width. 

Displays of the type shown in Figure 15 may be 
used in projection display systems. For instance, the 
output of a display may be projected onto the rear of a 
parallax barrier or lenticular screen Alternatively if sev- 
eral projectors are imaged onto a direction preserving 
screen, such as an autocollimating or a retro reflector, 



then overlapping windows can be produced by overlap- 
ping the projector lens apertures. 

The display of Figure 15 may be a colour display. 
For instance, colour filter arrangements of the type dis- 
s closed in EP 0 625 861 or in EP 0 752 610 may be used 
in the LCD of Figure 15. 

Figure 1 6 illustrates the viewing zones produced by 
imaging the pixels 50 through one of the lenticules of 
the screen 8. The LCD 9 is suitably illuminated, for in- 
fo stance by a backlight, and the lenticule is shown as pro- 
ducing a fan-shaped set of nine viewing zones 53 to 61 . 
Adjacent pairs of viewing zones, such as 53 and 54, 
have an angular overlap corresponding to the overlap 
region m of adjacent pixels. The LCD illustrated in Fig- 
's ures 15 and 16 is shown producing three viewing zones 
in each of three lobes. Thus, the pixels 50 disposed di- 
rectly below the lenticule produce viewing zones 56 to 
58 in the zeroth order lobe. The three pixels under an 
adjacent lenticule produce the viewing zones 53 to 55 
20 in the + 1 order lobe through the same lenticule, and the 
three pixels 50 under the adjacent lenticule on the other 
side produce the viewing zones 59 to 61 in the -1 order 
lobe through the same lenticule. 

Figure 17 illustrates a visual artefact which may be 
25 produced by an LCD of the type shown in Figure 13. 
Because of manufacturing tolerances, adjacent pixels 
50 may not be exactly contiguous in the horizontal di- 
rection. Figure 17 illustrates the case where there is an 
underlap i.e. a gap between adjacent pixels, caused by 
so such tolerances. As shown by the ray paths from an ob- 
server eye 62, the lenticular screen 8 has an on-axis 
resolved spot size which, in practice, is a few microme- 
ters. Manufacturing tolerances resulting in errors of the 
order of 1 micrometer in the contiguity of the pixels man- 
3S ifest themselves as changes in intensity of light from the 
lenticule as the image of the eye at the LCD pixel plane 
("eye spot") crosses a boundary between adjacent pix- 
els. This is illustrated for an underlap in Figure 17 and 
the corresponding intensity profile of light intensity 
40 against eye position is shown at 63. As the eye 62 cross- 
es the boundary between adjacent pixels, there is a re- 
duction in intensity whereas an overlap between pixels 
would result in an increase in intensity. Such intensity 
variation can be reduced by improving manufacturing 
45 tolerances but this increases the cost and difficulty of 
manufacture. 

As shown in Figure 18, the eye spot is imaged by a 
lenticular screen as a bar 64 of finite width. The light 
intensity is proportional to the area of overlap between 
50 the bar 64 and the pixels 50. Because of the underlap 
illustrated in Figure 1 8, the area of overlap varies as the 
bar 64 crosses a boundary between adjacent pixels. 

The LCD 9 of Figure 15 overcomes this problem by 
providing the overlap regions m between adjacent pixels 
55 50 and switching between the adjacent pixels when an 
observer eye is in the region of overlap between adja- 
cent viewing zones. By ensuring that the overlap regions 
m are wider than the eye spot and by ensuring that 
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switching between pixels occurs when the eye spot is 
wholly within the overlap regions, visual artifacts result- 
ing from intensity changes or variations can be substan- 
tially eliminated or rendered invisible provided the adja- 
cent pixels have the same intensity performance. Any 
small intensity changes caused by intensity mismatch 
between adjacent pixels may be rendered substantially 
invisible by cross fading between the adjacent pixels so 
that visual artifacts are reduced or substantially elimi- 
nated. Further, this is achieved with substantially re- 
laxed manufacturing tolerance requirements since it is 
merely necessary to ensure that a sufficiently wide over- 
lap region m between adjacent pixels is provided. 

In the manufacture of the black mask in a liquid crys- 
tal display, it is difficult to produce very sharp corners in 
any aperture. Hence the corners of a substantially rec- 
tangular pixel have a certain radius of curvature asso- 
ciated with them. This will lead to a slight darkening of 
the window at the edge due to loss in vertical aperture. 
In the display of Figure 15, any visual artefact this dark- 
ening may cause is avoided as the viewer does not 
cross the edge of a window during normal tracking op- 
eration. 

Figure 19 schematically illustrates an autostereo- 
scopic display of the type disclosed in EP 07264S2 com- 
prising the lenticular display illustrated in Figure 13. Im- 
age data are presented to the display device so as to 
generate a number of viewing zones, each of which cor- 
responds to a different view. Zones corresponding to the 
same view converge at a designed position so as to form 
a viewpoint corrected zone at which the observer can 
observe the autostereoscopic effect. The widest part of 
each viewpoint corrected zone defines a "window". The 
"window" occurs at a predetermined distance from the 
display device. 

The windows are contiguous with one another and 
hence define a laterally extended viewing region at 
which the autostereoscopic effect can be observed pro- 
vided that the image displayed in each window is updat- 
ed in accordance with the observer's position. The three 
windows are labelled 1, 2 and 3 and are imaged into 
three lobes labelled -1,0 and + 1 . For the "three window" 
display illustrated, each window has a lateral extent of 
two-thirds of the average interocular separation of the 
observer group. The display is arranged such that each 
window displays either left view data or right view data. 
The left and right views are not mixed within a window. 

With an observer at position A of Figure 1 9, the ob- 
server's right eye R is within the first window 1 of the 
zeroth lobe and the observer's left eye is at the boundary 
of the second and third windows 2 and 3 of the zeroth 
lobe. The positions A to G show the lateral position of 
the observer, but the longitudinal position is always at 
the nominal viewing distance. In order to provide an 
autostereoscopic view, the first windows 1 are controlled 
(via the first display) to show right view data and the sec- 
ond and third windows are controlled (via the second 
and third displays) to show left view data. As the observ- 



er moves from position A to position B, the observer's 
right eye moves towards the boundary between the first 
and second windows of the zeroth lobe. Similarly the 
observer's left eye moves away from the boundary be- 
s tween the second and third windows of the zeroth lobe. 
The result is that the second window 2 becomes unob- 
served and the image data displayed thereby can be up- 
dated from left view data to right viewdata in anticipation 
of the observer arriving at position B. Once the observer 
10 is at position B, the observer's right eye is at the bound- 
ary between the first and second windows 1 and 2 of the 
zeroth lobe - both of which show right view data - where- 
as the observer's left eye is at the centre of the third 
window which shows left view data. 
is As the observer moves from position B to position 
C, the first window 1 of the + 1 lobe is updated to show 
left view data in anticipation of the observer's left eye 
being at a position where the first window of the + 1 lobe 
can be observed. 
20 Figure 20 schematically illustrates an autostereo- 
scopic display comprising the LCD and lenticular screen 
shown in Figure 15. The display 15 is shown producing 
three viewing windows (labelled 1 to 3) repeated in two 
lobes. Different lateral positions of an observer are illus- 
25 trated at A to G representing lateral positions in the 
plane of the windows. The table indicates the image da- 
ta displayed in the three windows for the observer posi- 
tions. An observer tracking system determines the po- 
sition of the observer and controls the image data sup- 
30 plied to three image displays. With the lenticular display 
arrangement shown in Figure 1 5, the pixels are labelled 
1 to 3 so as to indicate which image display they consti- 
tute. In this type of display, the images are spatially mul- 
tiplexed as interleaved image strips formed by columns 
35 of pixels with three columns of pixels located below each 
lenticule of the screen 8. 

With the observer at the position A, the left eye is 
located in the window 3 so that left view data are dis- 
played by the pixels constituting the third image display. 
40 The right eye is in the overlap region of windows 1 and 
2. As the observer moves to the left, right eye view data 
which was displayed in the window 1 is switched to the 
window 2 and the pixels supplying the window 1 are 
switched to black. Thus, at position B, right and left im- 
45 age view data are displayed in the windows 2 and 3, 
respectively. 

As the observer moves through the position C, the 
right eye remains in the window 2 which therefore con- 
tinues to display the right image viewdata. However, the 
so left eye moves into the overlap region between the win- 
dow 3 and the window 1 in the adjacent lobe. Thus, the 
left image view data are supplied to the pixels forming 
the window 1 and the pixels forming the window 3 are 
switched to blackso as to display no image. Accordingly, 
55 as described hereinbefore, visual artifacts caused by in- 
tensity variations as the observer moves are substan- 
tially reduced or eliminated compared with displays of 
the contiguous type illustrated in Figure 13. 
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Operation of the display shown in Figure 1 3 to per- 
form lateral tracking is described in EP 0 726 482 and 
differs from the operation described with reference to 
Figure 20 in that, at any one time, two adjacent windows 
are showing one view and the third window is showing 
the other view of a stereoscopic pair. This gives rise to 
the cross-talk performance illustrated in Figure 21 . The 
upper diagram of Figure 21 illustrates intensity against 
position where windows 1 and 2 are displaying left im- 
age data. The middle diagram illustrates window 3 dis- 
playing right image data. Light from the windows spills 
into the adjacent windows on either side, as indicated 
in the bottom diagram of Figure 21 . However, because 
two windows are displaying the left view whereas one 
window is displaying the right view, there will be greater 
spillage of light from windows 1 and 2 into window 3 than 
from window 3 into windows 1 and 2. Accordingly, the 
right view will contain more cross-talk than the left view. 

As the observer moves, this situation is reversed so 
that higher cross-talk will occur in the left view. The re- 
sult is that some image flicker artifact will be visible as 
the observer moves. 

Figures 22 and 23 illustrates the effects of cross- 
talk between left and right views for the display illustrat- 
ed in Figure 20 with Figure 22 showing cross-talk imme- 
diately before image data are switched and Figure 23 
illustrating cross-talk immediately thereafter. In this dis- 
play, only one window per view is illuminated at any one 
time so that the amount of cross-talk is substantially the 
same for both the left and right views. Accordingly, im- 
age flicker artifacts caused by variations in cross-talk 
are substantially eliminated. 

The optimal overlap of adjacent windows, and 
hence of adjacent pixels, is a compromise between 
crosstalk and aberrational performance of the display. 
Figure 24 illustrates the eye spots which are produced 
as vertical bars by a lenticular screen or parallax barrier. 
The eye spots L1 and R1 show the eye spot positions 
for an observer at a first position whereas the eye spots 
L2 and R2 correspond to an observer at a different sec- 
ond position. The eye spots are shown as being wider 
than the regions of overlap between adjacent pixels. In 
this case, the observer sees an intensity change as the 
eyes move over the overlap regions as illustrated dia- 
grammatically in the graph forming part of Figure 24. 
Further, the width of the eye spots grows as the observer 
moves off the axis of the display. Accordingly, this flicker 
artifact will increase as the observer moves away from 
the central position and this will limit the acceptable 
viewing freedom with respect to the display. On the other 
hand, the "active" windows will be spaced further apart 
so that there will be reduced cross-talk between views. 

Figure 25 illustrates the situation where there is a 
relatively large overlap between adjacent pixels 50 Al- 
though intensity fluctuations are substantially reduced 
or eliminated because the width of each eye spot is sub- 
stantially less than the width of the overlap region be- 
tween adjacent pixels, the active windows displaying left 



and right image view data are now much closer together. 
Accordingly, there will be substantially increased light 
spillage between active windows leading to greater 
cross-talk. If the width of the eye spot is smaller than the 

s gap between adjacent pixels, minimal cross-talk will be 
seen. As the eye spot grows, for instance as a result of 
aberrational effects away from the axis of the display, 
the amount of visible cross-talk will increase This may 
give rise to intensity fluctuations as the observer moves, 

10 thus resulting in another flicker type artifact. The width 
of the overlap regions between adjacent pixels is thus 
chosen to provide an acceptable compromise between 
intensity fluctuations and cross-talk fluctuations. 

By providing a display of the type shown in Figure 

is 15 with four columns of pixels 50 below each lenticule 
of the lenticular screen 8, it is possible to provide a dis- 
play which produces four viewing windows in each lobe. 
Such an arrangement is much more immune to the error 
mechanism described hereinbefore because the eye 

20 spots do not need to cover the same view pixels at any 
position. This may be achieved by arranging for the 
viewing windows to be located such that switching of 
viewdata occurs substantially simultaneously forthe left 
and right image view data. Overlap regions between ad- 

25 jacent pixels may be made relatively large so as to avoid 
the intensity variations illustrated in Figure 24 whereas 
alternate windows are always switched to black so that 
there is no variation in cross-talk performance as an ob- 
server moves laterally with respect to the display. 

30 Figure 26 schematically illustrates a video multi- 
plexing system for controlling the views displayed by the 
image displays Although three or more windows are 
provided, only left and right eye view information is re- 
quired. Left eye view information is provided via a buffer 

35 100 to left view inputs of first, second and third video 
switches 102, 104 and 106. Right eye view information 
is provided via a buffer 108 to right eye inputs of the first, 
second and third video switches. Black view information 
is provided via a buffer 109 to black inputs of the first, 

40 second and third video switches. Each video switch is 
responsible for selecting the video view to be provided 
to one of the three image displays for display at one of 
the windows. Each video switch may control a respec- 
tive display device or may be arranged to drive a single 

45 display in a multiplexed fashion. 

Each video switch receives a control input from a 
controller 110 which selects whether the left, right or 
black viewdata should be displayed. The controller 110 
is responsive to a tracking system 1 1 2 which determines 

50 the position of an observer. From a knowledge of the 
observer position and the parameters of the display, the 
controller selects appropriate views and instructs the 
video switches to display the relevant left or right views 
or to be black. Alternatively, the controller 110 may be 

55 responsive to a manual control 111 which is manually 
operated by an observer so as to provide manual ob- 
server tracking. 

Figure 27 schematically illustrates an autostereo- 
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scopic display for providing lateral and longitudinal ob- 
server tracking using the LCD 9 and the lenticular 
screen 8 shown in Figure 15. The ray path from the dis- 
play to the observer who is located nearer the display 
than the design position i.e. between the display and the 
windows, is shown. The images seen by the observer 
can be calculated by tracing back the rays from the win- 
dow boundaries through each of the observer eyes to 
the display. Thus, the right eye will see the image in win- 
dow 3 in a region 200 of the display, the windows 2 and 
3 in a region 201 of the display, the image in the window 
2 in a region 202, and the images in the windows 1 and 
2 in a region 203. The left eye will see images in the 
windows 1 and 2 in a region 204, the image in the win- 
dow 1 in a region 205, and the images in the windows 
1 and 2 in a region 206 of the display. 

Figure 28 shows a possible choice for the image 
content of the windows so as to preserve autostereo- 
scopic image viewing. Right eye information is dis- 
played in the windows 3 and 2 in regions 207 and 208 
of the display. Left eye information is displayed in the 
window 1 of a region 209, in the window 2 of a region 
210, and in the window 3 of a region 211 of the display. 
Thus, the information displayed by the pixels forming the 
windows 1 to 3 is sliced so that the left eye sees only 
left eye information and the right eye sees only right eye 
information. Such image slicing is disclosed in EP 0 721 
131. 

Similar analysis and control of the display may be 
used to ensure autostereoscopic viewing when the ob- 
server is located further away from the display such that 
the viewing windows are between the display and the 
observer. It is thus possible to extend laterally and lon- 
gitudinally the viewing region within which the observer 
perceives a 3D image. 

For three windows per lobe, the display is arranged 
such that the average interocular separation of the ob- 
server is substantially equal to one and a half times the 
pitch of the windows at the optimum viewing distance. 
(In fact a general expression for N windows per lobe is 
Wp= 2e/N, where Wp is the window pitch and e is the 
average interocular separation of the user group). This 
corresponds to the eye spot separation at the plane of 
the pixels being substantially equal to one and a half 
times the pixel pitch p. As the observer moves towards 
and away from the display, the separation of the eye 
spots will increase and decrease, respectively. The 
maximum permissible separation between the spots 
while permitting autostereoscopic viewing is 2p and the 
minimum separation is p. The maximum and minimum 
viewing distances for a lenticular type of display may be 
calculated as follows. 

In the case of a display with three windows, for a 
nominally focused lenticular screen of thickness t and 
refractive index n and for an observer interlocular sep- 
aration e, the nominal viewing distance z nom . corre- 
sponding to the positions of the windows, is given by: 



Z nom = et/ ( 15n P) 



The maximum and minimum viewing distances are 
s given by: 
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Z max= et/ ( n P) 

For a display with N windows, the nominal maxi- 
mum and minimum viewing distances are given by: 

z n 0m = (2*e*t)/(n*N*p) 
z m in= Z n 0m (H N -2)/(2(N-1)) 



„(1 +(N-2)/2) 

25 Thus, as the number of viewing windows is in- 
creased, longitudinal viewing freedom is enhanced. The 
use of more windows will also enhance lateral viewing 
freedom in real displays because the eye spot switch 
points are further from the pixel boundaries so that the 

30 effects of aberrations on image quality at the switch 
points is reduced. 

Figure 29 schematically illustrates a video multi- 
plexing system for the production of sliced video imag- 
es. Although three or more windows are provided, only 

35 left and right eye view information is required. Left eye 
view information is provided via a buffer 300 to left view 
inputs of first, second and third video switches 302, 304 
and 306. Right eye view information is provided via a 
buffer 308 to right eye inputs of the first, second and 

40 third video switches. Black view information is provided 
via a buffer 309 to black inputs of the first, second and 
third video switches. Each video switch is responsible 
for generating the video view to be provided to one of 
the image displays for generation of a view within one 

45 of the windows. Each video switch may control a respec- 
tive display device or may be arranged to drive a single 
display in a multiplexed fashion as shown in Figure 27. 

Each video switch receives two control inputs from 
a controller 310 which selects whether the left, right or 

50 black view data should be displayed over a given part 
of the video output. The controller 310 is responsive to 
a tracking system 312 which determines the position of 
an observer. From a knowledge of the observer position 
and the parameters of the display, the controller selects 

55 appropriate views and instructs the video switches to 
display the relevant parts of the left and right views and 
black. For instance, the view displays shown in Figure 
29 correspond to the image data required for operation 
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as illustrated in Figure 28. 

The display may be arranged to track more than one 
observer and to provide each observer with a 3D image 
within an extended viewing range. For instance, Figure 
30 illustrates diagrammatically a display which is capa- 
ble of tracking two observers. The LCD comprises sev- 
en sets of pixels arranged as columns of overlapping 
pixels disposed under each lenticule of the lenticular 
screen. The display thus provides seven overlapping 
windows which may be repeated in adjacent lobes and 
allows the two observers to be tracked simultaneously 
and to perceive a 3D image. 

The display shown in Figure 31 differs from the em- 
bodiments described hereinbefore in that it is of the 
beam combiner type using compact illuminators 1 3. The 
compact illuminators 13 each comprises a lenticular 
screen behind which is disposed a parallax barrier. The 
parallax barrier comprises a plurality of slits, each of 
which is aligned with a lenticule of the lenticular screen. 
A Lambertian backlight is disposed behind the parallax 
barrier. 

Each lenticule of the lenticular screen images the 
aligned slit of the parallax barrier to the window of the 
zero lobe. In addition, the adjacent lenticules image the 
same slit to the same windows in the -1 and + 1 lobes 
of the viewing windows. Accordingly, the display shown 
in Figure 31 operates in the same way as described 
hereinbefore for observer tracking. 

Figure 32 shows part of a display which differs from 
that shown in Figure 16 in that the lenticular screen is 
replaced by a parallax barrier 8. The barrier 8 comprises 
a plurality of slits aligned with the pixels of the liquid crys- 
tal display 9 as shown in Figure 32. A Lambertian back- 
light 13 is provided behind the liquid crystal display, 
whose pixels overlap. The pixels are illustrated in differ- 
ent planes for the sake of clarity but are normally dis- 
posed in a single plane. 

As shown in Figure 32, each slit directs light along 
light cones to the first, second, and third windows of the 
zero lobe from the associated pixels. Further, the slits 
form + 1 and -1 lobe windows such that the windows in 
each lobe overlap the lobes overlap. 

Although displays of the type shown in Figure 32 
having a "front" parallax barrier 8 produce a darker im- 
age, for a given level of illumination, compared with dis- 
plays using lenticular screens, parallax barriers do not 
suffer from the optical aberrations of lenticular screens. 
In a front parallax barrier display, the quality of the win- 
dows, particularly in terms of the width of the boundary 
of each window, produced at the plane of an observer 
is controlled by the width of the slits. If the slits are made 
narrower, the geometric spreading of each window edge 
is reduced. However, the amount of diffraction occurring 
at the slit increases with decreasing width of each slit so 
that it is necessary to choose the width of the slits as a 
compromise between diffraction and geometric degra- 
dation effects. 

Figure 33 illustrates part of a display which differs 



from that shown in Figure 32 in that the front parallax 
barrier 8 is replaced by a rear parallax barrier 8 disposed 
between the liquid crystal display 9 and the backlight 1 3. 
A switchable diffuser 21 is provided between the barrier 
s 8 and the display 9. The surface of the barrier 8 facing 
the backlight 13 is made reflective so that light which 
does not pass through the slits of the barrier 8 is reflect- 
ed back to the backlight 1 3 for reuse. This improves the 
brightness of the displayed image. 
10 The use of a rear parallax barrier 8 results in the 
geometric spreading of each window edge being con- 
trolled by the width of the slits of the parallax barrier 
whereas the diffraction spreading of the edges is con- 
trolled by the width of the pixels of the SLM 9. It is there- 
's fore possible to improve the quality of the window imag- 
ing compared with the display shown in Figure 32 using 
the front parallax barrier. The effects of diffraction are 
disclosed in British Patent Application No. 9625497.4. 
The display may be used for 2D operation by 
20 switching the switchable diffuser 21 so as to diffuse light 
from the slits of the barrier 8. The liquid crystal display 
9 is then illuminated by a Lambertian source and 2D im- 
ages are visible throughout a wide viewing range. 
The rear parallax barrier 8 may be made as an array 
2S of transparent slits in an opaque mask. Alternatively, the 
barrier may be made by imaging a defined size light 
source through a lenticular screen onto a diffuser. 

Figure 34 illustrates diagrammatically an alternative 
technique for producing three or more overlapping win- 
30 dowsby means of a hologram 131 comprising a plurality 
of holographic elements 1 32 associated with respective 
pixels of the spatial light modulator of the display and 
tuned for the appropriate colour filters of the pixels. Such 
holographic elements 1 32 are equivalent in operation to 
3S a lenticular screen or parallax barrier and, when appro- 
priately illuminated for instance by a collimated white 
light reconstructing beam 133, each holographic ele- 
ment 1 32 produces a defined window for the associated 
colour. Each holographic element may be recorded so 
40 as to define several lobes as shown in Figure 34. The 
holographic elements 132 are arranged in groups so 
that the light from each group of pixels is imaged to one 
of the three or more groups of windows as shown in Fig- 
ure 35 The intensity of the light is controlled by the pixel 
45 switching properties and the directionality by the holo- 
gram 131 . An advantage of using holograms is that they 
are capable of providing significant improvements to the 
off-axis behaviour of the display because off-axis aber- 
rations can be substantially cancelled when recording 
so the holograms. 

As shown in Figure 36, the hologram 131 may be 
disposed inside the SLM 9 together with a liquid crystal 
layer 1 36 and a colour filter 1 37. Thus, the hologram is 
disposed substantially at the plane of the liquid crystal 
ss device forming the SLM 9, for instance by controlling the 
pattern of a black mask inside the pixel aperture. The 
hologram at each pixel can be tuned so as to direct light 
for the particular colour associated with the colour filter 
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for that pixel to the appropriate window. This is indicated 
in Figure 36 by abbreviations such that "W" refers to a 
window and "R", "G" ; and "B" refer to red, green, and 
blue light, respectively. Thus, the white light perform- 
ance of the display may be improved. For instance, a s 
light source for the display may contain three narrow 
spectral peaks which may be obtained by the appropri- 
ate choice of phosphors used in fluorescent tubes 
which, in combination with the colour filter and pixels, 
results in relatively small spectral spreading of the light 10 
from the holographic elements. 

Figure 37 shows an alternative arrangement in 
which the hologram 131 is disposed on the outer surface 
of the SLM 9. In this arrangement, by using collimated 
illumination, it is possible to make use of holograms is 
formed in a photopolymer or dichromated gelatine or in 
the form of etched surface relief or embossed holo- 
grams. Alternatively, by controlling the structure of elec- 
trodes within each pixel of the SLM 9, gratings may be 
created in the SLM 20 

The holograms 1 31 may be computer generated or 
may be recorded by interfering light from an illuminated 
window with a reference beam. For instance, a mask 
may be used to expose a recording plate at the first win- 
dow of each lobe through a red colour filter together with 2S 
a red reference beam. This may then be repeated for 
green and blue light. The process then may be repeated 
for each window and each corresponding holographic 
element. 

Figure 38 illustrates a compact collimated white 30 
backlight which may be used for illuminating the holo- 
grams 131 . The backlight has barriers 57 arranged be- 
tween elements of the lens array 54 , which is arranged 
to produce collimated light. The rear surface of the bar- 
rier 50 is made reflective so as to return unused light to 35 
the backlight illuminator 13 reuse. 

Figure 39 shows a collimated backlight which differs 
from that shown in Figure 38 in that the lens array 54 
and the barrier 57 are replaced by small glass spheres 
1 40 having a large packing density. As another alterna- 40 
tive, it is possible to produce collimated light by means 
of an edge lit hologram. 

It is thus possible to provide an observer tracking 
autostereoscopic display having no moving parts. Such 
a display is more robust and offers quicker response 45 
compared to a display incorporating moving parts. Such 
a display is also relatively insensitive to errors in the 
tracking of the observer. 

The functions of a non-mechanical, electronic, lat- 
eral and longitudinal tracking method and a mechanical so 
tracking method (for example, translating a parallax el- 
ement, for example a parallax barrier or a lenticular 
screen with respect to an SLM or rotating a sandwich 
comprising at least a parallax element and an SLM in a 
flat panel type display) can be combined. It is thus pos- 55 
sible to obtain good aberrational performance from the 
mechanical tracking method (the images of an observ- 
er's eye through the parallax barrier at the plane of the 



SLM are kept at or near the centre of the SLM pixels) 
as well as speed and extended viewing freedom from 
the non-mechanical tracking method. In this way, as an 
observer moves to a new position, a relatively slow me- 
chanical system can either translate the parallax barrier 
or lenticular screen with respect to the SLM, or rotate 
the sandwich. Further, the non-mechanical tracking 
method working in conjunction with the mechanical 
tracking method allows the observer to maintain an 
autostereoscopic image throughout with extended lon- 
gitudinal viewing freedom which is not possible if only 
the mechanical method is used. 

Although LCDs 9 of the type shown in Figure 15 may 
be manufactured specially in order to provide the re- 
quired overlapping pixel pattern, such manufacture 
would be relatively expensive. In particular, a new elec- 
tronic driving scheme would be required as would be 
new mask patterns for the active elements and internal 
electrodes of the LCD. 

Figure 40 illustrates a known type of conventional 
"delta pattern" black mask which defines the regions of 
the active pixels which are visible in a conventional RGB 
panel display. The mask may be modified so as to define 
overlapping apertures for the active pixels so as to allow 
the LCD of Figure 15 to be made. The LCD is otherwise 
conventional but, as described hereinbefore, is suitable 
for use in autostereoscopic displays. In particular, it is 
unnecessary to change the positioning of addressing 
electrodes or active matrix elements, such as transistors 
or diodes, in the display. Further, it is not necessary to 
move transistors and other electronic components form- 
ing part of an electronic drive scheme of the display. It 
is accordingly not necessary to provide a completely 
new mask set for an active matrix type display. 

By omitting colour filters of a conventional delta pat- 
tern display, a LCD can be provided which is suitable for 
use in monochrome autostereoscopic displays. The 
original red, green and blue channels may then be used 
to provide three independent viewing windows. Thus, 
three spatially multiplexed views can be displayed by 
supplying their pixels to the original red, green and blue 
channels of the LCD so that little or no modification of 
the electronic drive system of the LCD is required. 

It is thus possible to manufacture a LCD of the type 
shown in Figure 15 by making use of an existing process 
which requires little modification. Such LCDs may there- 
fore be made economically. 

Figure 41 illustrates a display comprising a spatial 
light modulator 9, a lens 77 and an illumination source 
1 3comprising six overlapping light emitting elements ar- 
ranged in pairs 72, 73, and 74. The lens 47 acts to form 
an image of the source 13 at the nominal viewing dis- 
tance Z. Each pair of light emitting elements has the 
same inter-element distance as each other pair and the 
elements are arranged in a common plane. The pairs of 
light emitting elements are illuminated in sequence. Vid- 
eo information is supplied to the spatial light modulator 
in a time multiplexed manner in sequence with the suc- 
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cessive illumination of each pair of illuminators. Such a 
display provides two overlapping lobes each having 
three overlapping windows at the nominal viewing posi- 
tion Z. If the six light emitting elements are individually 
controllable, the display may be operated as a six win- 
dow single lobe display to achieve the same freedom of 
movement. 

In the display shown in Figure 4, a first light source 
13a comprises three regularly spaced illuminators and 
is arranged to illuminate a first spatial light modulator 9a 
via a lens 82. Similarly, a second light source 1 3b com- 
prises three regularly spaced illuminators and is ar- 
ranged to illuminate a second spatial light modulator 9b 
via a lens 86. A similar arrangement is provided in re- 
spect of a third light source 13c, a third lens 89 and a 
third spatial light modulator 90c. A first beam combiner 
90 combines the images of the first and second light 
sources 1 3a and 1 3b, respectively, following modulation 
by their respective spatial light modulators. This com- 
bined image is further combined at a second beam com- 
biner 92 with the image of the third light source 1 3c fol- 
lowing modulation by the third spatial light modulator 9c. 
The images are arranged to be laterally offset with re- 
spect to one another so as to provide an output of three 
overlapping lobes each comprising three overlapping 
windows at a nominal viewing position Z. 

Figure 43 schematically illustrates a display consti- 
tuting an embodiment of the present invention. A spatial 
light modulator 89 is sandwiched between first and sec- 
ond lenticular arrays 182 and 184. The first array 182 is 
adjacent the spatial light modulator 89 and has a pitch 
substantially equal to that of the spatial light modulator. 
The second lenticular array 1 84 has a pitch substantially 
twice that of the first lenticular array. A diffuser 186 is 
positioned intermediate the spatial light modulator 89 
and the second lenticular screen 1 84. First and second 
overlapping light sources 13a and 13b are arranged to 
illuminate the first lenticular array 182 via a lens 192. 
The diffuser 1 86 is positioned such that an image of the 
light sources 1 3a and 1 3b is formed thereon following 
modulation by the spatial light modulator 89. The diffus- 
er 1 86 also lies in an object plane of the second lenticu- 
lar screen 1 84. The second lenticular screen 1 84 re-im- 
ages the diffuser 1 86 at the nominal viewing position Z. 

The light sources 1 3a and 1 3b and the spatial light 
modulator 89 are driven in a time multiplexed manner. 
When the first light source 13a is illuminated, first and 
second modulating elements 1 94 and 1 96 of the spatial 
light modulator 89 form overlapping modulated images 
at a first region on the diffuser 186. When the first illu- 
minator 13a is extinguished and the second illuminator 
13b is illuminated, the same modulating elements 194 
and 196 form overlapping images at a second region 
overlapping the first region on the diffuser 186. These 
images are re-imaged to form overlapping windows. 
Such an embodiment combines both spatial and tem- 
poral multiplexing to provide a multi-lobe four view dis- 
play. 



Figure 44 shows a projection display comprising a 
plurality of projectors, only two of which are shown. Each 
projector comprises a light source and reflector 400, a 
condenser lens 401, a LCD 402, and a projection lens 
s 403. The images displayed by the LCDs are projected 
onto an autocollimating screen 404 so as to produce a 
set of overlapping windows 405. The overlapping win- 
dows 405 are images of the projection lens apertures in 
each lobe and the lobes are produced by the autocoli- 
10 mating screen 404. 

Figure 45 illustrates an arrangement of projection 
apertures which may be used to form the overlapping 
windows 405. Because these apertures are circular, 
there are intensity variations across the overlapping 
is windows. As shown in Figure 46, the intensity at the win- 
dow plane may be made more uniform by using a rec- 
tangular mask to restrict the projection apertures. 

Various modifications may be made within the 
scope of the invention. For instance, instead of using 
20 appropriately illuminated SLMs for the displays, other 
types of image display device may be used, such as 
emissive or reflective display devices. 

The SLM 9 shown in Figure 15 comprises a regular 
array of rectangular pixels 50 so that the pixels have 
2S constant vertical aperture. However, other arrange- 
ments are possible. For instance, Figure 47 illustrates 
an array of parallelogram-shaped pixels which are such 
that the pixels have constant vertical aperture. 

In order for an observer to move without perceiving 
so undesirable visual artifacts in displays having electronic 
tracking, it is important for the viewing windows to be 
uniform in intensity level. This allows the observer to 
move within a viewing region or to another viewing re- 
gion which is showing the same image without thicker 
35 or change in the display intensity being visible. 

A problem which may occur with SLMs 9 as de- 
scribed hereinbefore is that, when the SLM displays a 
dark or black background, the pixel boundaries may be 
visible as thin white lines as illustrated at 500 in Figure 
40 48. Such light leakage is believed to be due to a polar- 
isation effect. In an LCD switched to black, light is 
blocked from transmission by crossed polarisers. The 
input light is polarised in one plane by the input polariser 
and the liquid crystal re-orients this plane so that it is at 
45 90" to the preferred transmission axis of the output po- 
lariser. Accordingly, substantially all the light is blocked 
by the second polariser and the display appears black. 

For light to be leaking at the pixel edges in the black 
state, there must be a disturbance in the plane of polar- 
50 isation around the edge of the panel. It has been shown 
that most light leaks from the edges of pixels which are 
aligned at 45° to the input (and output) polariser. Edges 
which are aligned to the axis of either the input or output 
polariser do not show light leakage. Unfortunately, in the 
55 common TFT twisted nematic LCD, the polarisers are 
aligned at 45" to the vertical and horizontal for viewing 
angle reasons so that the vertical edges of, for instance, 
rectangular pixels give rise to light leakage. The mech- 
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anism for this is believed to be polarisation angle rota- 
tion caused by light reflection, diffraction or scattering at 
the edges of the pixel apertures defined by the black 
mask 35. 

In a 3D autostereoscopic display having a lenticular 
screen, light from the right edges 500 of the pixels is 
collected by the lens aperture and imaged to the window 
plane, thus causing thin vertical stripes of light. The 
strips are more visible against a dark image background 
as thin light strips. 

Figure 49 illustrates one technique for reducing or 
eliminating such light leakage in an SLM 9. The SLM 9 
comprises glass substrates 10a and 10b with an input 
polariser 503 disposed between the substrate 10b and 
a backlight 13. The black mask layer 35 is formed on 
the internal surface of the substrate 10a and an active 
layer 502 comprising a liquid crystal layer, electrodes 
etc., is provided between the substrates. An output po- 
lariser, which would normally be disposed on the outer 
surface of the substrate 10a is disposed internally at 501 
between the black mask 35 and the layer 502. With this 
arrangement, light from each pixel is extinguished be- 
fore reaching the black mask 35 so that any subsequent 
rotation of the polarisation direction has no effect and 
does not give rise to light leakage. 

Figures 50 and 51 illustrate another technique for 
reducing or eliminating light leakage. The input and out- 
put polarisers 503 and 501 are aligned with their polar- 
isation directions parallel to the edges of the pixel aper- 
tures. As shown in Figure 50, the pixel apertures may 
have rounded corners between adjacent edges so that 
light leakage can only occur at the rounded corners. 
However, a second black mask 35b comprising parallel 
opaque stripes is superimposed over the first black 
mask 35a such that the combination forms a black mask 
35 with sharp corners. Thus, the rounding of pixels 
caused by imperfections in manufacture can be sub- 
stantially eliminated so that light leakage at the corners 
can be substantially prevented. 

Aligning the polarisers 501 and 502 in this way ef- 
fects the viewing angle of the LCD when twisted nematic 
liquid crystal is used and, as is known, results in different 
panel contrast on either side of the centre line. This may 
be corrected by adding a birefringent or reacted mes- 
ogen layer 504 as shown in Figure 51 or by using a dif- 
ferent liquid crystal material. 

This polarisation rotation is resulting from skew rays 
reflecting off the black mask edge, then using a colimat- 
ed backlight may reduce this source of light leakage. 
However this would effect the viewing zone of the dis- 
play and is difficult to achieve in compact systems. 

If the light leakage mechanism is one of reflection, 
then using a less reflective black mask may reduce the 
amount of light being reflected. For instance, an organic 
pigmented layer or emulsion layer instead of the known 
inorganic layer may be used to reduce this effect. 
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Claims 

1. A viewpoint corrected autostereoscopic display 
comprising at least one display device (9) and an 

s optical system (8, 77, 82, 86, 89, 90, 92, 1 31 , 1 32, 
182, 184, 192), characterised in that the optical sys- 
tem (8, 77, 82, 86, 89, 90, 92, 131, 132, 182, 184, 
1 92) cooperates with the display device (9) to form, 
in a window plane (15), a plurality of viewing win- 

10 dows with adjacent pairs of viewing windows over- 
lapping laterally. 

2. A display as claimed in Claim 1 , characterised in 
that the or each display device (9) and the optical 

is system (8, 77, 82, 86, 89, 90, 92, 131, 132, 182, 
184, 1 92) cooperate to form at least three windows. 

3. A display as claimed in Claim 2 characterised in 
that the or each display device (9) and the optical 

20 system (8, 77, 82, 86, 89, 90, 92, 131, 132, 182, 
1 84, 1 92) cooperate to form three windows. 

4. A display as claimed in any one of the preceding 
claims, characterised in that the or each display de- 

25 vice (9) and the optical system (8, 77, 82, 86, 89, 
90, 92, 1 31 , 1 32, 1 82, 1 84, 1 92) cooperate to repeat 
the windows in a plurality of lobes. 

5. A display as claimed in Claim 4, characterised in 
30 that the lobes overlap. 

6. A display as claimed in any one of the preceding 
claims, characterised in that the at least one display 
device (9) comprises a spatial light modulator com- 

35 prising a plurality of picture elements (50) arranged 
as rows extending in a first direction and columns 
extending in a second direction substantially per- 
pendicular to the first direction, the picture elements 
(50) being arranged in groups of N, where N is an 

40 integer greater than one, adjacent picture elements 
(50) of each group overlapping with each other in 
the first direction. 

7. A display as claimed in Claim 6, characterised in 
45 that the picture elements (50) of each group are dis- 
posed in two adjacent rows. 

8. A display as claimed in Claims 6 or 7, characterised 
in that each of the picture elements (50) has a sub- 

so stantially constant vertical aperture. 

9. A display as claimed in any one of Claims 6 to 8, 
characterised in that adjacent groups of picture el- 
ements (50) overlap with each other in the first di- 

55 rection. 

10. A display as claimed in any one of Claims 6 to 9, 
characterised in that the width of each picture ele- 
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ment (50) is substantially equal to one and a half 
times the lateral pitch of the picture elements. 

11. A display as claimed in any one of Claims 6 to 10, 
characterised in that the modulator (9) is a light- 
emissive device. 

12. A display as claimed in any one of Claims 6 to 10, 
characterised in that the modulator (9) is a light- 
transmissive device. 

13. A display as claimed in Claim 12, characterised in 
that the modulator (9) comprises a liquid crystal de- 
vice. 

14. A display as claimed in any one of Claims 6 to 13, 
characterised in that the optical system comprises 
a parallax device (8) having a plurality of parallax 
generating elements which extend in the second di- 
rection and each of which is aligned with N columns 
of picture elements (50). 

15. A display as claimed in any one of Claims 1 to 5, in 
which the at least one display device (9) comprises 
a spatial light modulator comprising a plurality of 
picture elements (50) arranged as rows extending 
in a first direction and columns extending in a sec- 
ond direction substantially perpendicular to the first 
direction, the picture elements (50) being arranged 
in groups of N, where N is an integer greater than 
one, the optical system comprising: a first parallax 
device (184) having a plurality of parallax generat- 
ing elements which extend in the second direction 
and each of which is aligned with N columns of pic- 
ture elements; and a second parallax device (182) 
having a plurality of parallax generating elements 
which extend in the second direction and each of 
which is aligned with a respective column of picture 
elements. 

16. A display as claimed in Claim 2 or 3 or in any one 
of Claims 4 to 1 5 when dependent on Claim 2, char- 
acterised by an observer tracker (112, 312) for de- 
termining the position of an observer, and an image 
controller (110, 310) responsive to the observer 
tracker (1 1 2, 31 2) for dividing the image displayed 
by the or each display device (9) such that a window 
which contains a left eye (L) of the observer receive 
left eye view data, a window which contains a right 
eye (R) of the observer receives right eye viewdata, 
and, when an eye of the observer is in a region 
where adjacent windows overlap, one of the adja- 
cent windows receives black view data. 

17. A display as claimed in Claim 16, characterised in 
that the observer tracker (112, 312) is arranged to 
determine the positions of a plurality of observers 
and there are provided at least three windows per 



observer. 

18. A display as claimed in Claim 16, characterised in 
that the image controller (112, 312) is arranged, 

s when an observer eye is in a region where adjacent 
windows overlap, to switch the image data received 
in one of the adjacent windows from black to image 
data and simultaneously to switch the image data 
received in the other of adjacent windows from im- 
10 age data to black. 

19. A display as claimed in Claim 2 or 3 or in any one 
of Claims 4 to 1 5 when dependent in Claim 2, char- 
acterised by an observer tracker (112, 312) for de- 

is termining the position of an observer, and an image 
controller (110, 310) responsive to the observer 
tracker(112, 312) for dividing the image supplied to 
the windows in regions across a display surface 
such that: a left eye of the observer perceives only 

20 left eye image information; a right eye of the observ- 
er perceives only right eye image information; and, 
in areas where an observer eye receives light in two 
of the windows, one of the two windows is switched 
to black. 

25 

20. A display as claimed in any one of the preceding 
claims, characterised in that the at least one display 
device (9) and the optical system (8, 77, 82, 86, 89, 
90, 92, 131, 132, 182, 184, 192) cooperate to form 

30 the windows with a lateral pitch substantially equal 
to 2e/N, where e is an average interocular separa- 
tion and N is the number of windows per lobe. 
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